Diverse molecular mechanisms have been discovered that mediate the loss of responses to the deprived eye during monocular deprivation. cAMP/Ca 2ϩ response element-binding protein (CREB) function, in particular, is thought to be essential for ocular dominance plasticity during monocular deprivation. In contrast, we have very little information concerning the molecular mechanisms of recovery from the effects of monocular deprivation, even though this information is highly relevant for understanding cortical plasticity. To test the involvement of CREB activation in recovery of responses to the deprived eye, we used herpes simplex virus (HSV) to express in the primary visual cortex a dominant-negative form of CREB (HSV-mCREB) containing a single point mutation that prevents its activation. This mutant was used to suppress CREB function intracortically during the period when normal vision was restored in two protocols for recovery from monocular deprivation: reverse deprivation and binocular vision. In the reverse deprivation model, inhibition of CREB function prevented loss of responses to the newly deprived eye but did not prevent simultaneous recovery of responses to the previously deprived eye. Full recovery of cortical binocularity after restoration of binocular vision was similarly unaffected by HSV-mCREB treatment. The HSV-mCREB injections produced strong suppression of CREB function in the visual cortex, as ascertained by both DNA binding assays and immunoblot analysis showing a decrease in the expression of the transcription factor C/EBP␤, which is regulated by CREB. These results show a mechanistic dichotomy between loss and recovery of neural function in visual cortex; CREB function is essential for loss but not for recovery of deprived eye responses.
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The monocular deprivation model of amblyopia is one of the most well characterized models of neuronal plasticity. Monocular eyelid suture during a critical period of development leads to a dramatic loss of responses to the deprived eye and to subsequent loss of connections relaying information from this eye (Wiesel and Hubel, 1965) . Recovery of binocular function can be obtained, however, if normal visual stimulation to the deprived eye is promptly restored. Understanding the mechanisms of loss and recovery of responses to the deprived eye may have significant implications for understanding cortical plasticity and developing novel therapeutic approaches for amblyopia.
To date, many molecular mediators of the functional loss of connections that occurs during monocular deprivation have been discovered. Recent cDNA array analysis has shown that several clusters of genes may be involved in visual cortical plasticity (Prasad et al., 2002) . Some specific molecules include NMDA receptors (Bear et al., 1990; Rauschecker et al., 1990; Roberts et al., 1998) , neurotrophins (Maffei et al., 1992; Galuske et al., 2000; Gillespie et al., 2000) , and protein kinase A (Beaver et al., 2001) . A common mechanism through which these molecules might act in ocular dominance plasticity is phosphorylation of the cAMP/ Ca 2ϩ response element-binding protein (CREB), which in turn regulates the transcription of plasticity-related genes (Gonzalez and Montminy, 1989; Deisseroth et al., 1996; Finkbeiner et al., 1997) . More recent experiments have indeed shown that CREB function is necessary for the occurrence of an ocular dominance shift during monocular deprivation (Mower et al., 2002) .
We have much less information concerning the mechanisms of recovery from the effects of monocular deprivation. Previous experiments have suggested that recovery and loss of function may share the same molecular mediators, specifically NMDA receptors (Gu et al., 1989; Bear et al., 1990 ). An interesting implication of these results is that CREB function may also be necessary for recovery. Consistent with this possibility, upregulation of CREB has been observed in models of cortical recovery from scotoma (Obata et al., 1999) . However, evidence exists that challenges the notion of common mechanisms for loss and recovery of visual cortical function. First, although binocular competition is thought to drive the loss of cortical connections mediating responses from the deprived eye, binocular competition cannot drive recovery because initially the deprived eye cannot activate cortical neurons. Second, clinical findings showing that recovery from amblyopia can occur after the critical period for the effects of monocular deprivation (Birnbaum et al., 1977) suggest that different sensitive periods characterize loss and recovery of visual acuity (Daw, 1998) . In conclusion, it remains unclear whether the mechanisms that mediate loss of cortical binocular function can also contribute to recovery.
To test the involvement of CREB activation in recovery of cortical function after monocular deprivation, we used viral mediated gene transfer of a dominant-negative mutant (mCREB) to suppress cortical CREB function (Carlezon et al., 1998) in the visual cortex of ferrets during the period when normal vision is restored to the deprived eye. Vectors expressing CREB and LacZ were used as controls. This methodology is advantageous in that it allows temporally and spatially restricted expression of transgenes while preserving normal visual cortical responses (Mower et al., 2002) . Quantitative in vivo recording techniques were then used to assess recovery. Results show that CREB function is essential for loss, but not recovery, of cortical neuron responses to the deprived eye.
MATERIALS AND METHODS
Overall e xperimental design. Ferrets at postnatal day 45 (P45), the peak of ocular dominance plasticity (Issa et al., 1999) , had the eyelid of one eye sutured closed to prevent patterned visual stimulation. After 5-7 d of monocular deprivation, ferrets received two intracortical injections of herpes simplex virus (HSV) vectors expressing CREB, mCREB, or LacZ (HSV-CREB, HSV-mCREB, and HSV-LacZ, respectively). In some injections, mCREB was tagged with green fluorescent protein (HSVmCREB -GFP). One day after the injections, one group of ferrets (reverse deprivation group) had the eyelid of the deprived eye opened and the lid of the experienced eye sutured closed, while another group (binocular recovery group) had their eyelids opened to restore binocular vision. The reverse deprivation and binocular vision were started 1 d after injection to make certain of adequate transgene expression before recovery. The length of reverse deprivation or binocular vision after monocular deprivation was chosen to ensure maximal transgene expression during the recovery period (C arlezon et al., 1998) as well as f ull recovery of deprived eye responses in the untreated cortex (see Results). After 3 d of reverse deprivation or binocular vision, the animals were anesthetized, and quantitative single-unit electrophysiology was performed to assess changes in cortical ocular dominance. The injections led to patches of infected cells ϳ1 mm in diameter; areas of uninfected cells lateral and medial to the infected cells within the same hemisphere were used for control recordings. The Institutional Animal C are and Use Committee of Virginia Commonwealth University approved all procedures described here. Injection of viruses. Animals were premedicated by subcutaneous injection of a tranquilizer (acepromazine, 1 mg / kg) and a muscarinic antagonist (methyl atropine bromide, 0.2 mg / kg) to reduce bronchial secretions, anesthetized with intraperitoneal sodium pentobarbital (35 mg / kg), and placed in a stereotaxic frame. No surgical procedures were initiated until animals were sufficiently anesthetized, as ascertained by the loss of withdrawal and corneal-blink reflexes. A small craniotomy (ϳ1 mm diameter) was performed above the binocular region of the primary visual cortex. Next, the tip of a 32 gauge Hamilton syringe (Hamilton Company, Reno, N V) containing the virus (average titer of the purified virus stocks, 4.0 ϫ 10 7 infectious units/ml) was lowered stereotaxically through the dura mater and into the binocular region of the primary visual cortex to a depth of 1 mm. A volume of 2.0 l was injected at a rate of 0.2 l /min. We have shown previously that these injections result in robust transgene expression in a restricted area of cortex, leaving a large uninfected region available for control recordings in the same hemisphere (Mower et al., 2002) .
E xtracellular recordings in vivo. Animals were premedicated by subcutaneous injection of acepromazine (1 mg / kg) and methyl atropine bromide (0.2 mg / kg), anesthetized with intraperitoneal sodium pentobarbital (35 mg / kg), and placed in a stereotaxic frame. No surgical procedures were initiated until the animals were sufficiently anesthetized, as ascertained by the loss of withdrawal and cornea-blink reflexes. Surgery consisted of a craniotomy (3-5 mm in diameter) over the binocular region of the primary visual cortex within which recordings were conducted. A tracheal cannulation was performed, and the animal was placed on a ventilator. E xpired pC O 2 and SpO 2 were monitored continuously and maintained at ϳ4.0% and above 90%, respectively. Body temperature was maintained at 38°C using a homeostatic blanket. Withdrawal reflexes and heart rate were monitored during the experiment. Supplemental doses of pentobarbital and acepromazine were given along with subcutaneous injections of 10% dextrose and 0.9% saline every hour throughout the experiment or when heart rate or expired pC O 2 increased. The eyelids were opened, nictitating membranes were retracted using pseudoephedrine (2.5%), the pupils were dilated with atropine sulfate (1%), and contact lenses were placed on the corneas.
A tungsten-in-glass electrode (Levick, 1972) was used to make singleunit recordings from both the treated and untreated portions of the hemisphere contralateral to the deprived eye (first deprived eye in the case of the reverse deprivation group). Recordings of treated cells were made in electrode penetrations within 500 m of the injection site, whereas control recordings were made at least 2 mm away. Histological examination confirmed that the recordings of treated cells were made within the area of infection, whereas control recordings were outside of this region. Once a single unit was isolated, its receptive field, ocular dominance, preferred orientation, direction, and velocity were qualitatively determined using a moving bar of light 0.5 o wide and 20 o long. Ocular dominance was then quantitatively determined by presenting a computer-controlled light bar stimulus to each eye 10 times. Each stimulus presentation consisted of the bar of light moving across the receptive field first in one direction and then in the opposite direction. Evoked responses and spontaneous activity were recorded using Spike2 software (C ambridge Electronics Design, C ambridge, UK). Spontaneous activity was determined by recording in the absence of stimulation for at least 2 sec after each presentation. Electrolytic lesions (4 A for 5 sec) were made at the end of each penetration. After the conclusion of the experiment, the animal was killed with Euthansol (125 mg / kg pentobarbital). When the expired pC O 2 began to fall, the animal was perf used transcardially with 0.9% saline followed by 4% paraformaldehyde. The brain was postfixed for at least 12 hr, after which the primary visual cortex was cut into 50 m sections in the coronal plane using a vibratome. Alternating sections were stained with cresyl violet and the appropriate antibody. Cresyl violet staining was used to reconstruct electrode recording tracts, and immunohistochemistry was used to confirm expression of the transgenes within the primary visual cortex.
Quantification of ocular dominance. Using peristimulus histograms generated for each cell in Spike2, the number of spikes evoked for each eye was determined by measuring the total neuronal response during stimulus presentation. The spontaneous activity was then subtracted from the total number of spikes. To quantif y cortical binocularity, an ocular dominance index was then calculated for each cell as described in Results. To analyze the results statistically, we calculated a contralateral bias index (CBI) defined as [(P 0.00 -0.19 Ϫ P 0.80 -1.00 ) ϩ (P 0.20 -0.39 Ϫ P 0.40 -0.69 )/2 ϩ 100]/200, where P A-B denotes the percentage of cells with binocular indices between A and B. We obtained for each animal a CBI for recordings performed in treated cortex and a CBI for recordings performed in untreated control cortex in the same hemisphere. A Wilcoxon Mann -Whitney U test was then used to determine for each experimental group whether CBIs obtained in the treated and untreated regions were significantly different from each other.
Immunohistochemistr y. Free-floating sections were washed three times for 10 min each in 0.1 M PBS with 0.3% Triton X-100 (Sigma, St. L ouis, MO). Endogenous peroxidase activity was quenched by a 20 min incubation with 1% H 2 O 2 in PBS with 0.3% Triton X-100. The sections were again washed as above and were blocked for 1 hr with 0.3% Triton X-100 -10% normal goat serum -2% bovine serum albumin in PBS. Sections were then incubated overnight at 4°C with rabbit anti-CREB IgG (1:1000; Upstate Biotechnology, Lake Placid, N Y) in blocking solution. The sections were again washed as above and were incubated with biotinylated goat anti-rabbit IgG (1:1000; Vector Laboratories, Burlingame, CA). After another wash, sections were incubated with ABC solution (Vectastain Elite ABC kit; Vector Laboratories) for 1 hr. After a final wash, sections were reacted with 0.06% cobalt enhanced 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma). Sections were mounted on chrom -alum subbed slides, dehydrated through graded alcohols (50, 70, 95, and 100% ethanol) and clearing agent (Stephens Scientific, Riverdale, NJ), and mounted in Permount (Fisher Scientific, Fair Lawn, NJ). For visualization of LacZ expression, sections were treated using a ␤-Gal Staining Set (Roche Diagnostics Corporation, Indianapolis, I N).
CR E binding assays. mCREB contains a mutation that prevents its phosphorylation at serine 133 without affecting its binding to DNA. To confirm that mCREB expressed by HSV-mCREB competes with endogenous phosphorylated CREB for binding to the cAM P response element (CRE), we performed protein-DNA binding assays in which nuclear extracts from untreated, HSV-mCREB-injected, and HSV-LacZinjected cortices were incubated with oligonucleotides containing the CRE sequence. Cortices were harvested from reverse sutured animals 2 d after injection of the different HSV vectors, and nuclear extracts were prepared according to the methods of Schreiber et al. (1989) , with minor adaptations. The tissue was homogenized in a hypotonic buffer (in mM: 10 H EPES, pH 7.9, 10 KC l, 0.1 EDTA, 1 DTT, and 0.5 PMSF) and incubated on ice for 20 min in the presence of protease inhibitors (1:100; Genotech, St. L ouis, MO) and phosphatase inhibitors (1:100; Sigma). 10% N P-40 (1:50; Sigma) was then added, and the cells were vortexed vigorously. The nuclear pellet was collected by centrif ugation of the homogenate at 10,000 ϫ g for 30 sec at 4°C. The pellet was resuspended in a high-salt buffer B (20 mM H EPES, pH 7.9, 0.4 M NaC l, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF) to dissociate proteins bound to the DNA and incubated on ice for 15 min. The extract was centrif uged at 11,000 ϫ g for 5 min at 4°C. The supernatant containing the nuclear proteins was collected and concentrated using a microconcentrator (C entricon). During the concentration, buffer B was exchanged for binding buffer (20 mm H EPES, 20% glycerol, 100 mM KC l, 0.2 mM EDTA, 0.2 mM DTT, 1:100 protease inhibitors). The 5Јbiotinylated oligonucleotide containing the CRE (5ЈGATCAGAGATTGCCTGACGTCAGAGAGC TAG-3Ј) and its complement (Ransom Hill Bioscience, Ramona, CA) were annealed and incubated with streptavidin-coated agarose beads (Upstate Biotechnology). The bead-oligonucleotide complex was incubated with the nuclear extract (at least 30 g of protein per 50 l of beads) in the presence of 1 g /ml poly(dI-dC) for 2 hr at room temperature. After the binding reaction, the nuclear extract / bead suspension was centrif uged at 10,000 ϫ g for 3 min at 4°C. The pellet was caref ully washed and subjected to SDS-PAGE followed by immunoblot analysis with anti-CREB (1:1000; C ell Signaling Technology, Beverly, M A) and antiphospho-CREB (1:500; Upstate Biotechnology) antibodies. To detect C / EBP␤, protein assays were performed (Bio-Rad, Hercules, CA), and equal amounts of nuclear protein extract from each treatment group were subjected directly to SDS-PAGE and immunoblot analysis with anti-CEBP␤ (1:500; Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive bands were detected by chemiluminescence using SuperSignal West Dura E xtended Duration Substrate (Pierce, Rockford, IL). The relative intensities of the bands were determined by scanning densitometric analysis of the x-ray films.
RESULTS

Cortical expression of transgenes
Ferrets received intracortical injections of HSV vectors expressing wild-type CREB, mCREB, mCREB tagged with green fluorescent protein (mCREB-GFP), or ␤-galactosidase. Intracortical injections of HSV vectors resulted in successful expression of the appropriate transgenes in cells located near the injection site, as shown in Figure 1 . Animals injected with HSV-mCREB-GFP exhibited fluorescence in a large number of cells surrounding the injection site (Fig. 1 A) . In contrast, cells located ϳ2 mm away from the injection site were not labeled (Fig. 1 B) . Immunohistochemistry using a CREB-specific antibody in animals injected with HSV-CREB (Fig. 1C) or HSV-mCREB (data not shown) showed a large number of darkly labeled cells surrounding electrolytic lesions (Fig. 1C, arrows) that were made at the end of the penetrations. Immunohistochemistry lightly stained endogenous CREB in cells located ϳ2 mm away from the injection site ( 
D).
The conditions used for immunohistochemistry were chosen to minimize the detection of endogenous CREB; therefore, the number of darkly stained cells probably underestimates transgene expression. We only used animals that had at least one successful penetration in each of the control and treated regions of the same hemisphere. Together, these results confirm previous findings showing that successf ul expression of CREB and control transgenes occurs after intracortical injections of HSV (Mower et al., 2002) .
Models of recovery from monocular deprivation
Ferrets were monocularly deprived for 5-7 d, after which visual input was re-established to the deprived eye in one of two recovery protocols: (1) the eyelid of the deprived eye was opened, and the lid of the experienced eye was sutured closed (reverse deprivation), or (2) the eyelid of the deprived eye was opened to restore binocular vision. Three days after the initiation of recovery, extracellular recordings were conducted in the binocular region of the visual field. To quantify ocular dominance of cortical neurons, we calculated an ocular dominance index using the equation LE/(RE ϩ LE), where LE and RE stands for the response to stimulation of the left and right eye, respectively. An ocular dominance index of 1.0 indicates responsiveness only to the left eye; an index of 0.0 indicates responsiveness only to the right eye.
The effects of the two recovery protocols, binocular vision and reverse deprivation, following a period of monocular deprivation are shown in Figure 2 . These histograms show the marked ocular dominance shift relative to normal (compare A, B) typically seen in ferrets after a period of 5-7 d of monocular deprivation. The ocular dominance distribution shifted back toward the previously deprived eye after 3 d of reverse deprivation (D). In these animals, the previously deprived eye dominated most cortical responses, and cortical binocularity did not recover. In contrast, a few days of binocular vision after a period of monocular deprivation restored cortical binocularity to the level present before deprivation so that the ocular dominance profile was similar to normal (compare A, C). In conclusion, these patterns of ocular dominance provide us with two distinctive models of recovery from monocular deprivation: the reverse deprivation model, in which both recovery (to the previously deprived eye) and loss of responses (to the newly deprived eye) are evident, and the binocular recovery model, in which binocular recovery predominates.
Suppression of CREB function during reverse deprivation
To elucidate the role of CREB function on loss and recovery of responses in the same preparation, we examined the effects of expression of different transgenes on ocular dominance plasticity during reverse deprivation. Specifically, we asked whether CREB function is required in recovery of responses to the previously deprived eye as well as loss of responses to the newly deprived eye. The histograms showing the distribution of neurons into binocularity ranges are shown in Figure 3 for animals that received intracortical injection of HSV-mCREB (A, B) and were reverse sutured. As expected, the ocular dominance distribution was markedly shifted toward the previously deprived eye in un- Figure 2 . Recovery of responses to the deprived eye in two recovery protocols. Whereas the normal ferret ocular dominance profile is characterized by a high degree of binocularity (A; n ϭ 119 neurons), ϳ1 week of monocular lid suture starting at P45 caused a dramatic loss of responses to the deprived eye (B; n ϭ 110). Full recovery of cortical binocularity was present after a 3-5 d period of binocular vision (C; n ϭ 228). In contrast, the ocular dominance distribution was shifted back toward the previously deprived eye after a period of reverse deprivation (D; n ϭ 119). In this case, 3 d of reverse deprivation caused a striking loss of responses to the newly deprived eye and did not induce binocular recovery. treated neurons (Fig. 3A) . This distribution reflects recovery of responses to the previously deprived eye as well as an almost complete loss of responses to the newly deprived eye. The results observed in penetrations made in untreated cortex located medially and laterally from the injection site were similar and have been pooled together. In contrast to these findings, the ocular dominance shift was markedly reduced in cells recorded within the area of HSV-mCREB infection (Fig. 3B) . In these penetrations, a large number of neurons continued to respond preferentially to the newly deprived eye, and several neurons located in the area of infection were binocularly driven. The ocular dominance indices in the group of neurons near the injection site differed significantly from those observed in the group of untreated neurons ( p Ͻ 0.05; Wilcoxon Mann-Whitney U test).
Specificity of these effects was confirmed by examining cortical binocularity in animals treated with intracortical injection of HSV containing the cDNA for CREB (Fig. 3C,D) or the LacZ reporter gene (Fig. 3E,F ) during reverse deprivation. The regions of untreated and HSV-CREB infected cortex showed similar ocular dominance distributions that were characterized by a pronounced shift toward the previously deprived eye (Fig. 3C, D, respectively). The binocularity indices observed in the treated and untreated groups of neurons were not significantly different ( p Ͼ 0.05). Similar results were observed in animals treated with HSVLacZ (Fig. 3E,F ) . These findings indicate that overexpression of the wild-type protein CREB or expression of the foreign protein ␤-galactosidase does not lead to loss of ocular dominance plasticity during reverse deprivation, indicating specificity of the effects observed with HSV-mCREB injection.
Suppression of CREB function during binocular recovery
The above results suggest that a dichotomy exists between the CREB dependence of recovery and loss of cortical responses. To test this idea further, we suppressed CREB function in the binocular recovery group of animals, in which recovery predominates. Similar ocular dominance profiles were observed in untreated (Fig. 4 A) and treated (Fig. 4 B) cortices, showing that injection of HSV-mCREB did not prevent recovery of cortical binocularity. The binocularity indices observed in the treated and untreated groups of neurons were not different ( p Ͼ 0.05). Thus, suppression of CREB function at the time when binocular vision is restored does not prevent recovery of responses to the previously deprived eye. Together, the results from the reverse deprivation and binocular recovery animals indicate that CREB function is required in loss, but not recovery of functional connections after a brief period of monocular deprivation.
Suppression of CREB function by HSV-mCREB injections
To examine whether lack of effects of HSV-mCREB injection on recovery of responses to the deprived eye resulted from inappropriate blockade of CREB function, we conducted two assays to verify transgene activity in visual cortex. We performed DNA binding assays using nuclear extracts obtained from untreated, HSV-mCREB-treated, and HSV-LacZ-treated cortices of animals subjected to reverse deprivation. These studies predict that if mCREB expression is to successfully block endogenous CREB activity, it must compete with CREB for CRE binding sites. Therefore, the presence of CRE-bound mCREB should decrease the amount of CRE-bound endogenous CREB, thereby downregulating CRE-mediated gene transcription. Because mCREB is unphosphorylatable, the ratio of CRE-bound phospho-CREB to total CREB (CREB plus mCREB) should also decrease. To examine these possibilities, we have incubated nuclear extracts from untreated, HSV-mCREB-treated, and HSV-LacZ-treated hemispheres with a double-stranded oligonucleotide containing the CRE sequence (see Materials and Methods). The relative proportion of phospho-to total CREB bound to the oligonucleotide was detected by Western blot analysis (Fig. 5A,B) . These experiments show that the ratio of CRE-bound phospho-CREB to CRE-bound total CREB is markedly lower in HSV-mCREBtreated than in normal or HSV-LacZ-treated cortices, indicating that mCREB competes efficiently with endogenous CREB for binding to CRE elements.
To confirm whether this competition results in decreased expression of genes that are transcriptionally regulated by CREB, we have examined the expression of the transcription factor C/EBP␤ (Niehof et al., 1997) in animals that were reverse deprived. Effects of HSV injections on protein expression were examined and quantified using specific antibodies in Western blotting. The results shown in Figure 6 indicate that C/EBP␤ expression was downregulated in nuclear extracts from HSVmCREB-injected cortex relative to HSV-LacZ-injected cortex. In conclusion, the findings that expression of mCREB efficiently decreased the binding of phospho-CREB to the CRE and successfully suppressed expression of a CREB-regulated gene further substantiate the evidence that a dichotomy exists in CREB dependence of the processes of recovery and loss of neural function in visual cortex.
DISCUSSION
Different mechanisms for loss and recovery of deprived eye responses
The present report makes two major points concerning the mechanisms of cortical recovery from the effects of monocular deprivation. The first point is that suppression of CREB function in the primary visual cortex prevents loss of responses to the newly deprived eye in the reverse suture model of recovery. This finding extends recent results showing that suppression of CREB function in primary visual cortex prevents the loss of responses to the deprived eye during monocular deprivation (Mower et al., 2002) . The effect on loss of response was specific and did not result from viral toxicity, because HSV-CREB and HSV-LacZ injections failed to block this type of ocular dominance plasticity. Additionally, the effects did not result from a suppression of sensory responses, because most neurons studied in infected cortex responded strongly to visual stimulation and had stimulus specificities characteristic of the primary visual cortex of ferrets (Mower et al., 2002) . These findings indicate that CREB function is Figure 4 . Intracortical injection of HSV-mCREB did not prevent recovery of cortical binocularity during binocular vision. Histograms with error bars show that most neurons located near ( B) as well as away ( A) from the HSV-mCREB-treated cortex fully recovered cortical binocularity relative to normal animals (compare with Fig. 2 A) . The results obtained from recordings located near (n ϭ 93 cells in 5 animals) and away (n ϭ 92 cells in the same hemispheres as the treated cells) were statistically indistinguishable ( p Ͼ 0.05).
essential for loss of response to the newly deprived eye during reverse deprivation. In the same animals, recovery of responses to the previously deprived eye was not prevented by the HSVmCREB injections, suggesting that CREB function is not required for the recovery of responses to the deprived eye.
The second major point of this study is that suppression of CREB function does not prevent binocular recovery. Full recovery of responses to the deprived eye was observed in regions of Figure 5 . mCREB competes efficiently with endogenous CREB for binding to the CRE. Pairs of nuclear extracts were prepared from cortices of animals (n ϭ 5) that received injections of HSV-mCREB in one hemisphere and HSV-LacZ (n ϭ 4) or no injection (n ϭ 1) in the other. These animals represent a group separate from those used in physiology and histology. In each nuclear extract, the proportion of nonphosphorylated CREB competing with phospho-CREB for binding to the CRE was assessed by using synthetic nucleotides, as described in Materials and Methods. For each sample, the proportion of phospho-CREB to total CREB (phosphorylated ϩ non-phosphorylated) was determined by Western blot analysis after separation of the protein-DNA complexes. A, Total CREB; B, phospho-CREB. The ratio of pCREB/total CREB determined after densitometric analysis of the Western blots for mCREB-and LacZtreated samples is represented in C. The results from cortices that received HSV-LacZ or no injection were similar and have been pooled. The ratio of phospho-to total CREB bound to the CRE was significantly less in HSV-mCREB-treated animals ( p Ͻ 0.05; paired t test) indicating that mCREB competes for CRE binding sites. Figure 6 . Intracortical injections of HSV-mCREB suppressed expression of C/EBP␤. C/EBP␤ expression in samples prepared from animals (n ϭ 4) receiving HSV-mCREB injections in one hemisphere and HSVLacZ in the other was determined by Western blot analysis. These animals were separate from those used for physiology. For each blot, equal amounts of protein were loaded in each lane. The immunoblots show that C/EBP␤ expression in visual cortex near the site of HSVmCREB treatment is reduced relative to HSV-LacZ-treated cortex ( A). The bar graphs show that average optical densities for cortex treated with HSV-mCREB are significantly less than those treated with HSV-LacZ when normalized to untreated cortex from the same animals ( p Յ 0.05; paired t test) ( B).
cortex treated with HSV-mCREB in animals that were monocularly deprived and then allowed binocular vision, a procedure that promotes recovery of responses to the deprived eye while preserving responses to the experienced eye. In these animals, recovery of cortical binocularity was indistinguishable from that present in untreated regions. Full recovery occurred despite the fact that 1 week of monocular deprivation induces complete loss of responses to the deprived eye (Issa et al., 1999) and a decrease in the complexity of the deprived thalamocortical arbors (Antonini and Stryker, 1996) . Previous studies conducted in cats and monkeys have shown that restoration of binocular vision after a short period of deprivation also leads to recovery of responses to the deprived eye (Wiesel and Hubel, 1965; Olson and Freeman, 1978) , but recovery of cortical binocularity was less extensive than in ferrets. The finding that ferrets can recover a normal pattern of binocularity after 1 week of monocular deprivation (Liao et al., 2001b) placed us in a unique position to investigate the mechanisms underlying recovery of cortical binocularity. Use of this animal model has indicated that CREB function is not required for the recovery of responses to the previously deprived eye.
The results reported here indicate that there is a mechanistic dichotomy between loss and recovery of cortical binocularity; CREB function is essential for loss but not recovery of deprived eye responses. An alternative interpretation, however, is that injection of HSV-mCREB may not have produced suppression of CREB function. This is unlikely because the results of our CREbinding assays suggest that the mCREB protein is capable of interfering with endogenous CREB activity. Importantly, we also show that the transcription factor C/EBP␤, which is regulated by CREB (Niehof et al., 1997) , was downregulated in nuclear extracts from HSV-mCREB-injected cortex relative to HSV-LacZinjected or untreated cortex. These findings indicate that intracortical injection of HSV-mCREB produced strong suppression of CREB function near the area of injection.
Previous studies
Molecular mediators involved in recovery from the effects of monocular deprivation have been examined in very few studies. Specifically, it has been suggested that loss of responses to the deprived eye (Bear et al., 1990; Roberts et al., 1998) as well as recovery of responses after re-establishment of its visual input are dependent on NMDA receptor activation (Gu et al., 1989) . In the latter study, the NMDA receptor antagonist 2-amino-5-phosphonovalerate was used during reverse suture and was found to prevent recovery of responses to the previously deprived eye. However, blockade of recovery may have been caused by suppression of visual responses by this pharmacological agent (Miller et al., 1989) . The involvement of NMDA receptors in binocular recovery needs to be examined using approaches that preserve visual responses (Roberts et al., 1998) . More recently, an interesting study showed that inhibition of proteases blocks loss as well as recovery of responses during reverse suture but does not prevent loss of responses during monocular deprivation (Muller and Griesinger, 1998) . In contrast, use of viral-mediated gene transfer in the present study has produced consistent results in the monocular deprivation, reverse deprivation, and binocular vision models of ocular dominance plasticity. Inhibition of CREB function prevented loss of responses to the deprived eye in two models of ocular dominance plasticity, monocular deprivation and reverse deprivation. Furthermore, inhibition of CREB function did not block simultaneous recovery of responses to the deprived eye in reverse deprivation. Recovery was similarly unaffected after restoration of binocular vision. In conclusion, the present studies provide direct evidence that loss and recovery of function in the visual cortex occur through independent pathways.
Transcription factors in ocular dominance plasticity
Gene activation by CREB has been shown to be important for several experimental models of learning (Frank and Greenberg, 1994; Silva et al., 1998) as well as for long-term synaptic plasticity in the hippocampus (Deisseroth et al., 1996) . Recent studies have also implicated CREB in ocular dominance plasticity during monocular deprivation (Pham et al., 1999; Mower et al., 2002) . C/EBP␤ is a transcription factor regulated by CREB (Niehof et al., 1997; Taubenfeld et al., 2001) and is similarly associated with long-term facilitation and long-term memory formation (Alberini et al., 1994; Yukawa et al., 1998; Taubenfeld et al., 2001 ). These findings sparked our initial interest in the possibility that CREB and C/EBP␤ would be required in ocular dominance plasticity during recovery from the effects of monocular deprivation. Finding a lack of effects of mCREB expression on recovery from monocular deprivation was, therefore, surprising. This was especially true in view of the finding that suppression of CREB was effective in preventing loss of responses in the reverse deprivation model. Our results have suggested that C/EBP␤ also may not be involved in binocular recovery because HSV-mCREB treatment not only suppressed CREB function but also decreased the expression of C/EBP␤ in visual cortex. This finding also raises the interesting possibility that C/EBP␤ has an important role in loss of visual responses to the deprived eye. Future tests of this hypothesis as well as the role of CREB function in regulating C/EBP␤ expression in the visual cortex should help elucidate what molecular events downstream of CREB activation are required in ocular dominance plasticity during monocular deprivation.
Mechanisms mediating recovery of responses to the deprived eye
These results raise the issue of what CREB-independent processes might mediate binocular recovery after monocular deprivation. Some possibilities are that local protein synthesis at the synapse is sufficient for recovery of synapses (Stewart et al., 1996; Huber et al., 2000) or that other transcription factors (Brivanlou and Darnell, 2002) regulate recovery. The question of whether recovery requires protein synthesis could be addressed through the use of protein synthesis inhibitors, which have been used successfully to block loss of function (Taha and Stryker, 2002) . Another possibility that should be considered is that some deprived eye afferents retain their proximity to postsynaptic contacts, retaining subthreshold inputs on visual cortical neurons during the first days of monocular deprivation (Blakemore et al., 1982) . These subthreshold inputs may contact physiologically silent synapses (Isaac et al., 1995; Liao et al., 1995; Liao et al., 2001a) , leading to their reactivation after eye opening. Reactivation of silent synapses is a process that can occur rapidly and requires activation of NMDA receptors (Isaac et al., 1995) . Finally, it is conceivable that deprived eye afferents make use of molecular cues to re-establish connections with target neurons during binocular recovery. This proposal is reminiscent of recent suggestions that molecular cues may guide formation of ocular dominance modules in the visual cortex (Crowley and Katz, 1999) and eye-specific layers in the lateral geniculate nucleus (Cook et al., 1999) . It is important to note, however, that CREB activity may be required for binocular recovery after more prolonged durations of deprivation, when expansion of the experienced eye afferents occurs (Antonini and Stryker, 1996) . In this case, CREB-dependent loss of these overgrown connections may be necessary to make room for recovering afferents to regain their share of postsynaptic space.
The results presented here have important implications for studies of recovery from monocular deprivation and amblyopia. Many molecules have been implicated in ocular dominance plasticity, but usually in the context of loss of function during monocular deprivation. It is appealing to hypothesize that simple stimulation of pathways associated with these molecules could allow recovery of a deprived eye, even when the critical period has passed. This approach may yield suboptimal results, however, considering the potential mechanistic dichotomy between loss and recovery of function. Therefore, the identity of molecules that may mediate recovery is a topic that demands increased attention.
